The photoluminescent ͑PL͒ properties and critical-distance measurements of LiZn 1−x PO 4 :Mn x ͑0 Ͻ x ഛ 0.22͒ phosphors excitable by vacuum UV ͑VUV͒ and UV light are reported. The highest emission intensity was found for the sample with a composition of x = 0.12, beyond which concentration quenching was observed. Moreover, the obtained critical distance ͑R c ͒ value was 17.5 Å for x = 0.12. Both the VUV and UV PL spectra ͑460-650 nm͒ show a single intense broadband at [550][551][552][553][554][555][556][557][558][559][560] Plasma display panels ͑PDPs͒ have been widely utilized as flat display panels because of their excellent properties such as high energy efficiency, wide viewing angle, low power consumption, and environmental protection. [1] [2] [3] [4] [5] Generally, the phosphors used in PDPs are excited by vacuum ultraviolet ͑VUV͒ wavelength generated by the discharge of Xe ͑147 nm͒ and Xe 2 ͑172 nm͒ atoms to emit visible luminescence. Hence, it is necessary to develop VUV excitable phosphors for application in PDPs to realize mercury-free fluorescent lamps.
Plasma display panels ͑PDPs͒ have been widely utilized as flat display panels because of their excellent properties such as high energy efficiency, wide viewing angle, low power consumption, and environmental protection. [1] [2] [3] [4] [5] Generally, the phosphors used in PDPs are excited by vacuum ultraviolet ͑VUV͒ wavelength generated by the discharge of Xe ͑147 nm͒ and Xe 2 ͑172 nm͒ atoms to emit visible luminescence. Hence, it is necessary to develop VUV excitable phosphors for application in PDPs to realize mercury-free fluorescent lamps.
Phosphors based on phosphate host matrix having the general formula ABPO 4 , where A is a monovalent cation ͑Li + , Na + , K + ͒ and B is a divalent cation ͑Ca 2+ , Sr 2+ , Ba 2+ ͒, have attracted considerable attention due to their optical 6 or ferroelectric properties. 7 Generally, the phosphate-based phosphors are considered an efficient host matrix because of excellent thermal stability exhibited by the rigid framework of phosphates. 8 In this regard, the blue emitting Eu 2+ -doped KSrPO 4 phosphors under UV-light ͑360-400 nm͒ irradiation have exhibited excellent thermal stabilities. 9 Recently, the authors reported the structure and photoluminescent ͑PL͒ properties of green-yellow emitting Mn 2+ -doped LiZnPO 4 phosphors for potential application in UV-light emitting diodes. 10 As a continuation of this work, in this paper, we focus on the PL properties of Mn 2+ -doped LiZnPO 4 phosphors excited by VUV for potential applications in PDPs. The critical distance between Mn 2+ ions for energy transfer in Mn 2+ -doped LiZnPO 4 phosphor is also investigated.
Experimental
The polycrystalline samples of LiZn 1−x PO 4 :Mn x ͑0 Ͻ x ഛ 0.22͒ phosphors were synthesized by solid-state reaction using Li 3 PO 4 , NH 4 H 2 PO 4 , ZnO, and MnCO 3 as raw materials. 10 The phase purity of the synthesized samples were identified by powder X-ray diffraction ͑XRD͒ analysis using an X'Pert PRO advanced automatic diffractometer with Cu K␣ radiation operating at 45 kV and 40 mA. The Generalized Structure Analysis System program 11 was used for the Rietveld refinements in order to obtain information on the crystal structures of LiZn 1−x PO 4 :Mn x .
The UV PL and PL excitation ͑PLE͒ spectra were collected at room temperature ͑RT͒ using a FluoroMax-3 and FluoroMax-P in the range of 300-500 and 470-650 nm, respectively. The VUV PL and PLE spectra were measured at the National Synchrotron Radiation Research Center in Taiwan using a BL03A beamline. The PLE were recorded on scanning a 6 m cylindrical grating monochromator with a grating 450 L/min, which spans the wavelength range of 100-350 nm. A CaF 2 plate served as a filter to remove the highorder light from synchrotron. The emission from the phosphor was analyzed with a 0.32 m monochromatic and detected with a photomultiplier tube in photon-counting mode.
Results and Discussion
Powder XRD patterns of some selected Fig.  4 . The highest emission intensity was found for the sample with a composition of x = 0.12, beyond which concentration quenching was observed. The decrease in the emission intensity occurs as a result of nonradiative energy transfer between Mn 2+ ions due to electric multipole-multipole interactions, which are distance dependent according to Dexter's theory. 13 
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where V is the volume of the unit cell, x c is the critical concentration of activator ion, and Z is the number of formula units per unit cell. For LiZnPO 4 host, using Z = 8 and V = 2708.32͑5͒ Å 3 ͑x c = 0.12͒, the obtained R c value is 17.5 Å. Furthermore, the spectral overlap at the emission and excitation spectra ͑Fig. 3͒ indicates that the interaction leads to energy migration, which also results in concentration quenching. 16 The 
J285
Journal of The Electrochemical Society, 155 ͑10͒ J284-J286 ͑2008͒ J285 = 0.02 to x = 0.1, confirming a noticeable shift of emission to a longer wavelength region with increasing Mn 2+ content. Figure 6 shows the VUV-UV PL and PLE spectra of LiZn 1−x PO 4 :Mn x ͑x = 0.1͒: ͑a͒ VUV PLE spectrum under em = 560 nm, ͑b͒ UV PLE spectrum under em = 560 nm, ͑c͒ UV PL spectrum under exc = 414 nm, and ͑d͒ VUV PL spectrum under exc = 172 nm. The excitation spectra between 130 and 300 nm shows three excitation peaks which are similar to previous reports on the Mn 2+ -activated ZnSiO 4 system. 17, 18 The first peak at 260 nm can be ascribed to a localized charge-transfer state in which Mn 2+ is involved as well as to an autoionization state of Mn 2+ . The second excitation peak at about 185 nm is related to the host lattice or band-to-band excitation in the LiZnPO 4 matrix. Finally, the peak at 156 nm is due to the energy-transfer process from host to Mn 2+ via exchange interaction. Moreover, both the VUV-UV PL spectra ͑460-650 nm͒ show a single intense broadband at 550-560 nm under exc = 172 and 414 nm, respectively. This emission band is at-
. 12 The broad yellow-green emission band centering at 560 nm remained the same under VUV and UV excitation. These results demonstrate that LiZnPO 4 doped with Mn can also be excitable by VUV.
Conclusions
We have investigated the luminescent spectra of LiZn 1−x PO 4 :Mn x ͑0 Ͻ x ഛ 0.22͒ phosphors under VUV and UV excitation. We also calculated the critical distance between Mn 2+ ions for the energy transfer. The preliminary study has shown that this yellow-green phosphor can be excitable by VUV for applications in PDPs. 
